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Description 

[0OO1] This invention relates to control circuits for re- 
luctance machines and more particularly, but not exclu- 
sively, to control circuits for switched reluctance ma- 
chines. In particular, the present invention relates to an 
improved control circuit for a switched reluctance ma- 
chine in which a pulse width modulated signal is used 
to control both the magnitude of the current in the phase 
winding and the frequency at which the power switching 
devices coupled to the phase windings are switched. 
[0002] In many prior art motor control systems, pulse 
width modulated (or "PWM") control signals are used to 
provide signals indicative of the desired speed or torque 
of the motor. In known control systems, the PWM signal 
Is often used to provide a signal representative of the 
magnitude of an analogue quantity. PWM reference sig- 
nals are used because they are easily generated by dig- 
ital circuits, such as ASICs, microprocessors and the 
like, that are used in modern control systems. Further- 
more, the digital nature of a PWM signal means that it 
can easily be passed across an isolation barrier (e.g. 
using optical means) with minimal corruption. 
[0003] In many known current control systems, cur- 
rent feedback is used to maintain the desired nnotor cur- 
rent and operate the power switching circuits. In these 
systems, the power switches are typically operated such 
that the motor current is proportional to an analogue cur- 
rent reference signal. This reference may conveniently 
originate as a digital PWM signal in an ASIC or micro- 
processor, the required analogue voltage being ob- 
tained by low-pass filtering. One exemplary current con- 
trolled system of this type for a switched reluctance ma- 
chine is illustrated in Figure 1. 

[0004] Figure 1 generally illustrates a current control 
circuit for a single phase of a switched reluctance ma- 
chine. As those working in the area of switched reluc- 
tance motor and control circuit design will recognize, the 
illustrated circuitry will typically be repeated for each 
phase of the machine. For the sake of clarity, not all the 
details of the circuit components are shown. These, 
however, would be readily assumed by one skilled in the 
art. 

[0005] In the circuitry illustrated in Figure 1 , a relative- 
ly low voltage PWM current reference signal represent- 
ing the desired magnitude of the peak motor phase cur- 
rent is received at node 10. This signal is typically gen- 
erated by an ASIC, microprocessor or similar digital con- 
trol circuit. In many prior art applications, the frequency 
of the pulses that comprise the relatively low voltage 
PWM current reference signal is constant, e.g., 16 kHz, 
and the width of the pulses is varied in proportion to the 
desired current. Typically, the width of the pulses com- 
prising the low voltage PWM current reference signal is 
adjusted such that the average value of the PWM cur- 
rent reference signal (i.e., its DC component) represents 
the magnitude of the desired peak phase current. 
[0006] The electrical components In most known mo- 



tor control systems can be divided into two groups: con- 
trol electronics and power electronics. The control elec- 
tronics typically generate the control signals for the mo- 
tor and normally operate on and from relatively low volt- 
s age signals and supplies (up to 25 Volts). Nevertheless, 
because of the need to couple elements of the control 
circuitry to the high-voltage power electronics, some of 
the control components may operate at high common 
mode voltages. The power electronics typically control 
10 the application of electric power to the motor and oper- 
ate on and from voltages that may range into the hun- 
dreds of volts. In Figure 1, the components within the 
broken line box comprise the power electronics and 
those components of the control electronics which are 
at high common mode voltages. 
[0007] To prevent the high voltages and currents as- 
sociated with the power electronics from interfering with 
the control electronics, and to isolate the user (who may 
come into contact with the control electronics) from dan- 
20 gerous voltages, many known circuits use elements 
known as "Isolators", such as opto-isolators. These iso- 
lators provide a barrier between those components at 
high common mode potential and the remainder of the 
system. One such isolator is illustrated as element 15 
in Figure 1 . It will be understood that means other than 
optical could be used, e.g. transformer isolation. 
[0008] Referring to the circuitry of Figure 1 , the PWM 
reference signal is transmitted across the isolator 15 to 
the high voltage portion of the circuit. The filtering net- 
work 1 2 converts the PWM current reference signal into 
an analogue voltage signal which varies in direct relation 
to the width of the pulses that comprise the PWM refer- 
ence current signal. The analogue signal from filter 12 
corresponds to the peak magnitude of the desired cur- 
rent. That signal is applied as one input to a comparator 
16. The other input to comparator 16 is a voltage taken 
from a first terminal of a resistor 17 that is placed in se- 
ries with switching devices 8 and 23 and phase winding 
24. When switching devices 8 and 23 are closed, the 
phase winding 24 is coupled to a power source with a 
voltage -hV and current will flow through the phase wind- 
ing 24. The voltage at the first terminal of resistor 17 
corresponds to and follows the magnitude of the current 
in the phase winding 24. 

[0009] Comparator 1 6 compares the voltage from fil- 
ter 12 (which corresponds to the desired current) with 
the voltage at the first terminal of resistor 1 7 (which cor- 
responds to the phase current) and generates an output 
signal that indicates whether the sensed phase current 
is greater than or less than the desired current. The out- 
put signal from comparator 16 is then transmitted back 
across the isolation barrier by isolator 18 and is applied 
as one input to a three-Input AND gate 21 and as one 
input to a minimum off-timer 20. The minimum off-timer 
20 is an electronic timing device that produces a logic 
low signal at its output for a predetermined period of time 
In response to a change in its input from a logic high 
value to a logic low value. After the predetermined time 
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has passed, the output of the minimum off-timer 20 will 
rise to a logic high signal. 

[0010] The output of comparator 16, minimum off -tim- 
er 20 and AND gate 21 operate together to control the 
current in the phase winding 24 as follows. When it is 
appropriate to energize the phase winding 24, an enable 
signal is provided as one input to the three-input AND 
gate 21 . Typically, at the time the enable signal is pro- 
vided, the other two inputs to the AND gate 21 will also 
be logic high. Accordingly, the output of logic gate 21 
will be logic high. This logic high signal is then transmit- 
ted across the isolation barrier by isolator 22 and that 
signal turns ON switching devices 8 and 23, coupling 
the phase winding 24 to the power source +V At this 
time the current in the phase winding 24 will begin to 
rise and the voltage at the first temninal of resistor 17 
will begin to increase. When comparator 16 determines 
that the current in the phase winding is greater than the 
desired current, it will produce a logic low signal that, 
when transmitted across the isolation barrier by isolation 
device 18, will both render the output of AND gate 21 a 
logic low (thus turning off switching devices 8 and 23) 
and render the output of the minimum off-timer 20 logic 
low for the predetermined period of time. After the min- 
imum off-timer times out (typically after 20-30 microsec- 
onds) the current in the phase winding typically will have 
dropped below the desired current, and the cycle will 
repeat during the period the enable signal for the appro- 
priate phase is logic high. 

[0011] While the known circuitry of Figure 1 can be 
used to control a switched reluctance machine, it suffers 
from several disadvantages. For example, because of 
the need to isolate part of the control circuitry from the 
power circuitry, the control system illustrated in Figure 
1 requires three isolating devices 15,18 and 22 for each 
phase of the machine. These isolation devices are often 
relatively expensive compared to the rest of the control 
system and can add undesirable cost to the motor con- 
troller. Further, because of the need to limit the chopping 
frequency of the switching devices 8 and 23, the circuit 
illustrated in Figure 1 requires a minimum off-timer 20 
or similar device. The need for an off-timer 20 for each 
phase also adds cost to known control systems. Still fur- 
ther, In control circuits like the one illustrated in Figure 
1 , the switching, or "chopping", frequency is not con- 
stant, but varies with the inductance of the load 24, the 
supply voltage V, and (since the impedance of the load 
24 will in practice have a resistive component) the actual 
current level. If an inaudible (ultrasonic) chopping fre- 
quency is required, as is often the case, the minimum- 
off periods timed by 20 must be chosen such that the 
lowest chopping frequency is still ultrasonic. The aver- 
age switching frequency will be higher than this, and 
therefore the frequency-related losses in the power 
electronics (e.g. switching losses in switches 8 and 23) 
and possibly the load 24 (iron losses, skin effect in the 
winding) will be worse than absolutely necessary. Addi- 
tionally, the different phase control circuits for the indi- 



vidual phases in the machine can operate such that, at 
a given instant, the switching of the devices 8 and 23 for 
the different phases occurs at different frequencies. 
When the switching devices of the different phases are 
s chopped at different frequencies, undesirable audible 
noise is often produced by the interaction or "beating" 
of the different chopping frequencies, even If the indi- 
vidual phases are all switching ultrasonically. 
[001 2] A further disadvantage of the circuitry of Figure 
10 1 is that it is subject to potentially damaging currents in 
the event of a failure of the digital circuit that provides 
the PWM signal to node 10. For example, if there was 
a failure in the digital device that provides the PWM sig- 
nal such that the signal applied to node 10 was always 
IS at the highest logic level, the analogue filter 12 would 
produce an analogue signal corresponding to a 100% 
duty cycle which will ensure that the maximum phase 
current is provided. The application of such a high phase 
current for any significant length of time could damage 
the machine. Worse still, the failure of isolator 18, or of 
isolator 22 with its output in the logic HIGH state, would 
result in switching devices 8 and 23 being permanently 
closed, and the winding current consequently rising 
without limit. 

[001 3] An alternative current controller is illustrated in 
Figure 2. In the control circuit of Figure 2, as in the circuit 
of Figure 1, a low voltage PWM signal representing the 
desired current is received at node 1 0 and converted by 
a filter 12' into a low voltage analogue signal having a 
magnitude that varies with the duty cycle of the PWM 
command signal. The low voltage analogue signal from 
filter 12' is provided to the non-inverting input terminal 
of a comparator 26. Also coupled to the non-inverting 
input terminal of the comparator 26 is a feedback signal 
derived from the output of the comparator 26 by feed- 
back resistor 27. As those skilled in the art will recog- 
nize, feedback resistor 27 introduces hysteresis into the 
comparison, converting comparator 26 into a hysteresis 
comparator. The level of the hysteresis is determined by 
the size of resistors 27 and 29. 

[001 4] Coupled to the Inverting input of comparator 26 
is the output of a current transducer 28. Current trans- 
ducer 28 is located near the phase winding 24 and pro- 
vides an isolated analogue voltage signal that corre- 
sponds to the magnitude of the current flowing in wind- 
ing 24. The output of the comparator 26 is coupled to 
the control gates of switching devices 8 and 23 through 
an isolator 1 5' to control the application of voltage to the 
machine winding 24. 

[001 5] In general, the output of comparator 26 will pro- 
duce a logic high signal whenever the analogue voltage 
representing the current in the winding 24 is less than 
the analogue voltage from filter 12' representing the de- 
sired current. Once the analogue voltage representing 
the actual current exceeds the anak)gue voltage repre- 
senting the desired current, the output of comparator 26 
will drop to logic low, opening switches 8 and 23 and 
allowing the machine current to drop. Once the ana- 
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logue voltage representing the desired voltage falls be- 
low the analogue voltage representing the desired cur- 
rent by an amount determined by feedback resistor 27 
and input resistor 29, the output of the comparator 26 
will change again and the cycle will repeat. 
[0016] While control circuits like the one illustrated in 
Figure 2 overcome some of the limitations of circuits 
such as are illustrated in Figure 1, they still suffer from 
several disadvantages. For example, in the circuitry of 
Figure 2 the switching of switching devices 8 and 23 
does not occur at any set frequency, and the switching 
of the devices may thus not be the same for all of the 
phases of a reluctance machine. As discussed above In 
connection with Figure 1. these differing frequencies 
can result in higher than necessary switching frequen- 
cies, as well as undesirable audible noise. Still further, 
the circuit of Figure 2 can suffer from the continued ap- 
plication of unusually high phase currents in the event 
that the digital device providing the PWM signal fails and 
provides a continuous high voltage signal to node 10. In 
addition, an isolated current transducer is required 
which, as those skilled in the art will readily recognize, 
is a relatively expensive item and may require consid- 
erable space for installation. 

[0017] Control circuits have been suggested that al- 
low for control of the switching frequency of the power 
switching devices 8 and 23. One such control system Is 
disclosed in Figure 3A. In the control system of Figure 
3A, as in the other systems discussed above, a PWM 
current reference signal is received at 10 by a filter 12" 
that converts the PWM current reference signal into an 
analogue signal whose magnitude varies with the duty 
cycle of the PWM command signal. The analogue con- 
trol signal is applied to one input of an error amplifier 30. 
The other input to the amplifier 30 is an analogue signal 
that constitutes the output of a low pass filter 31 that 
receives and averages an analogue voltage corre- 
sponding to the current in the phase winding of the ma- 
chine. This analogue voltage is derived from an Isolated 
current transducer 28. The low pass filter 31 detects and 
averages the current flowing through the phase winding 
and provides an analogue voltage signal corresponding 
to the nnagnitude of the current. The output of the error 
amplifier 30 is an analogue error signal that varies with 
the difference between the analogue signal represent- 
ing the desired current and the analogue signal repre- 
senting the averaged measured current. 
[0018] The analogue error output from amplifier 30 is 
provided to one input of a low voltage digital comparator 
33. The other input to digital comparator 33 is a repeti- 
tive low voltage waveform 34 such as a sawtooth or tri- 
angular waveform having a frequency that may be ad- 
justed by additional control circuitry (not shown). The 
output of digital comparator 33 is a PWM signal whose 
duty cycle varies in proportion to the magnitude of the 
error signal from amplifier 30. This PWM signal is 
passed through isolator 15" to the switching devices 8 
and 23. 



[0019] It will be recognized by those skilled in the art 
that various modifications are possible to this basic cir- 
cuit. 

[0020] There are several disadvantages associated 
s with the circuitry of Figure 3A. One disadvantage is that 
it is slow. In particular, the need for the low pass filter 31 
prevents the circuit from rapidly responding to changes 
in either the actual or desired machine current. Moreo- 
ver, the circuit is relatively complex in that it requires the 
TO ramp signal 34 and two comparators 30 and 33. Further, 
it requires an isolated current transducer. 
[0021] A further known current control scheme using 
simple current measurement and fixed switching fre- 
quency is shown in Figure 3B. This attempts to over- 
is come some of the difficulties associated with these 
schemes shown in Figures 1 and 2 and 3A. In this circuit, 
the PWM signal representing the desired current level 
is received at 10 and passed through an isolator 15 to 
a filter circuit 12 (as before). The output of the filter circuit 
is passed to a voltage comparator 33, the other input of 
which is driven by a signal from a current sensing resis- 
tor 1 7. The output of comparator 33 is connected to the 
reset input of a flip flop 35. The set input of the flip-flop 
Is connected to a clock signal through another isolator 
37. The output of the flip-flop is used to drive the devices 
8 and 23 as previously described. 
[0022] At the start of a switching inten/al, flip-flop 35 
is set by the clock signal and closes the switches build- 
ing up current in the phase winding. When the load cur- 
rent reaches the desired value as represented by filter 
12, the output of comparator of 33 resets the flip flop, 
thereby opening the switches and allowing the current 
to fall until the next clock edge is received and the se- 
quence repeats. 

[0023] Known variants on this basic circuit have the 
clock oscillator inside the isolating barrier (thereby elim- 
inating isolator 37) or use a third isolator with the flip flop 
outside the barrier. 

[0024] As those skilled in the art will appreciate, when 
the PWM duty cycle of the switching device is above 
50% there is a danger that an induced error in the meas- 
ured or desired current signals will increase over time 
and cause chaotic behaviour and/or subharmonic oscil- 
lation. Slope compensation has been suggested for re- 
ducing the risk of instabilities in current controllers. 
Slope compensation is generally known and is dis- 
cussed, for example, in UNITRODE's Application Note 
U-97, "Modeling, Analysis and Compensation of the 
Current-Mode Converter" (available from Unitrode Inte- 
grated Circuits Corp.) 

[0025] However, this system still has disadvantages 
in that it requires a minimum of two isolators or one iso- 
lator together with a clock oscillator on the "live" side of 
the circuitry. Further, it requires a separate clock signal 
and PWM control signal, which (notably if a separate 
clock generator is used on the "live" side of the circuit, 
so as to avoid two isolators) may not be of exactly the 
same frequency. This may result in audible noise due to 
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intermcxluiation between the clock and any residual rip- 
pie (at PWM frequency) at the output of filter 12. Nor 
does the circuit of Fig.3B overcome the aforementioned 
problems of failure of the digital device supplying the 
PWM signal to node 10. 

[0026] The control system of the present invention 
overcomes the discussed, and other, disadvantages of 
known control systems that receive a PWM current ref- 
erence signal and provides additional benefits unavail- 
able in the known systems. In a particular form the 
present invention also provkles an improved current 
controller with slope compensation. 
[0027] The present invention is defined In the accom- 
panying Independent claims 1,10. Preferred features 
are recited in the dependent claims. 
[0028] The control system of the present invention 
can make use of both the frequency component of a 
PWM command signal (I.e., the AC component) and the 
average voltage component (i.e., the DC component) to 
provide a control system that fixes the switching fre- 
quency, thereby reducing the problems of "beat" fre- 
quencies and provides a simple and cost effective way 
to control the current and switching of switching devices 
in a switched reluctance machine. In the present Inven- 
tion, the frequency at which the current controller switch- 
es the power switching devices follows the frequency of 
the of the PWM command signal. Further, the peak 
winding current follows the average (DC) value of the 
PWM command signal. In one embodiment, slope com- 
pensation is added to Improve the performance of the 
current controller of the present invention. In a further 
embodiment, a single Isolation channel Is used to isolate 
the current controller from the PWM command signal. 
[0029] Other aspects and advantages of the present 
invention will become apparent upon reading the follow- 
ing detailed descrlptbn of examples of the invention and 
upon reference to the drawings in which: 

Figure 1 Illustrates a known current controlled sys- 
tem for a single phase of a switched reluctance mo- 
tor in which current feedback and a minimum off- 
timer is used to control the current in the phase 
windings of the motor; 

Figure 2 illustrates a known current controller in 
which a hysteresis comparator is used to control the 
current in the phase windings of the motor; 
Figures 3A and 3B illustrate known current control- 
lers that allow for control of the switching frequency 
of the power switching devices that couple the 
phase windings to a voltage source; 
Figure 4 illustrates in block schematic form a con- 
troller constructed in accordance with the present 
invention; 

Figure 5 illustrates in greater detail one embodi- 
ment of the current controller of the present inven- 
tion; 

Figures 6A and 6B illustrate voltage waveforms 
demonstrating slope compensatbn; 



Figures 7A, 78 and 7C generally illustrate wave- 
forms and circuitry constructed In accordance with 
the present Invention that may be used to imple- 
ment slope compensation that tracks the voltage of 

s the power supply In the present invention; 

Figure 8 illustrates in greater detail the use of a 
slope compensation circuit in accordance with the 
present invention in the context of the current con- 
troller of Figure 5; and 

10 Figures 9 A and 98 illustrate examples of alternative 
low pass filters that may be used to provide a cur- 
rent reference signal in the current controllers con- 
structed in accordance with the present invention. 

75 [0030] Similar reference characters indicate similar 
parts throughout the several views of the drawings. 
[0031] Figure 4 Illustrates in block schematic form a 
control circuit constructed in accordance with the 
present inventbn. In general, the circuit represented by 
Figure 4 includes a circuit for receiving a PWM signal at 
node 40 that contains information concerning the mag- 
nitude of the desired phase current and information con- 
cerning the desired switching frequency of the power 
switching devices 8' and 23'. In the circuit of Figure 4 
the PWM Input signal received at node 40 serves a dual 
purpose: (i) its average voltage value (i.e. its DC com- 
ponent) is used to control the magnitude of the phase 
current and; (ii) its frequency Is used to control the 
switching frequency of switching devices 8' and 23'. 
[0032] In the circuit of Figure 4, the PWM signal re- 
ceived at node 40 is applied through an isolator 41 to a 
low pass filter 46 and to an edge detector 42. Edge de- 
tector 42 responds to either the rising or the falling edges 
of the PWM signal received at node 40 to produce a dig- 
ital train that has clock pulses that occur at a frequency 
that is equal to the frequency of the PWM signal re- 
ceived at node 40. The digital pulse train from the edge 
detector 42 is provided as a clock input to current con- 
troller 44 to control the switching of the switching devic- 
es 8' and 23'. 

[0033] Current controller 44 receives three inputs: the 
digital pulse train at frequency f from edge detector 42, 
an analogue voltage signal corresponding to the mag- 
nitude of the current in the phase winding 24' (Imotor) 
and an analogue voltage signal corresponding to the 
magnitude of the desired phase current (Ireference) - 
In general, current controller 44 switches switching de- 
vices 8' and 23' ON each time it receives a pulse from 
edge detector 42 thus coupling the phase winding 24* 
to the power supply voltage +V. Controller 44 keeps 
switching devices 8' and 23' ON, and allows the current 
In the phase winding 24' to increase, until the current in 
the phase winding, as represented by Imotor* exceeds 
the desired phase current value Ireference- 
[0034] In the embodiment of Figure 4, the analogue 
voltage signal corresponding to the magnitude of the 
phase current in the windings Imotor derived through 
the use of a resistor 17' placed in series with switching 



2S 



30 



35 



40 



45 



50 



5 



9 



EP 0 769 844 B1 



10 



devices 8* and 23' and phase winding 24'. Alternative 
arrangements for sensing the phase current Imotor- 
such as a current transducer or a device with a built-in 
current nneasuring system (e.g. a SENSEFET manufac- 
tured by International Rectifier of El Segundo, Califor- 
nia, USA) may be used. 

[0035] The analogue voltage signal corresponding to 
the magnitude of the desired phase current I reference 
is derived from the low pass filter 46 that receives as its 
Input the PWM input signal received at node 40. Low 
pass filter 46 receives the PWM input signal and devel- 
ops an analogue voltage signal that is proportional to 
the duty cycle of the PWM signal received at node 40. 
I n the embodiment of Figu re 4, the analogue voltage sig- 
nal produced by filter 46 I reference equal to the av- 
erage DC value of the PWM signal received at node 40. 
[0036] As an analysis of Figure 4 reveals, the control 
circuit of the present invention allows for the control of 
both the magnitude of the phase current and the switch- 
ing frequency of power devices 8'and 23' from a single 
PWM input signal. 

[0037] Those skilled in the art will recognize that the 
control circuit of Figure 4 is exemplary only and that oth- 
er circuit implementations may be used without depart- 
ing from the scope of the present invention. For exam- 
ple, edge detector 42 could be designed to produce 
pulses in response to either the rising or falling edges 
of the PWM signal received at node 1 0, and the ana- 
logue voltage representing the phase current Imotor 
could be derived through the use of a current transducer 
or other current sensing device. Those skilled in the art 
will also recognize that while the circuitry of Figure 4 is 
illustrated for only one phase, the control circuit of the 
present invention is applicable to multi-phase machines. 
In embodiments where multi-phase motors are used, a 
separate current controller 44 should be provided for 
each phase. Furthermore, the circuit could be made to 
operate with the lower bound of the phase current con- 
trolled. In this case, current controller 44 operates so 
that the switching devices 8' and 23' are turned OFF (i. 
e. opened) when a pulse is received from the edge de- 
tector 42. The phase current In the load 24' then de- 
creases until it falls below the desired value IreferencE' 
when the switches 8' and 23' are closed, coupling the 
winding 24' to the power supply. The phase current then 
rises until the next PWM edge is detected by edge de- 
tector 42, when the cycle repeats. 
[0038] The invention can also be used with only one 
of the two power switches operated by the current con- 
troller 44. In this case, when the current controller opens 
the one power switch it controls, the phase current "free- 
wheels' around the path provided by the other power 
switch and one of the power diodes 25a or 25b. The 
power switch controlled by the current controller 44 may 
equally well be either the "high-side"* switch 8', the "low- 
side" switch 23', or may alternate between the high and 
low sides In any sequence. 

[0039] Those skilled in the art will appreciate that 



modifications to the basic scheme such as those dis- 
cussed above may affect the choice of slop compensa- 
tion scheme (discussed earlier) if one is used. 
[0040] The novel control circuit of Figure 4 has several 
5 advantages over known current controllers. Initially, as 
discussed above, the circuit of Figure 4 allows for control 
of the magnitude of the phase current and the switching 
frequency of switching devices 8' and 23' through the 
use of a single PWM signal. Moreover, the current con- 
10 troller of Figure 4 is simple in that it implements the cur- 
rent control function without the need for minimum off- 
timers, separate clock oscillators or isolated current 
transducers such as are required by circuits of the type 
illustrated in Figures 1 , 2, 3A and 3B. Additionally, in 
multi-phase systems where each phase is switching ac- 
cording to the frequency of the PWM signal received at 
node 40, the controller of Figure 4 can reduce sources 
of acoustic noise in that all phases will be switched with 
the same frequency, thereby avoiding beating between 
the switching frequencies of the individual phases and 
the potential noise generated therefrom. Furthermore, 
because the switching frequency Is fixed, It can be set 
to the minimum value required (for ultrasonic operation, 
for example) and the disadvantages of the higher than 
necessary average frequencies attendant with the prior 
art are therefore avoided. 

[0041] Figure 5 illustrates in greater detail one em- 
bodiment of the current control circuit of the present In- 
vention. In general, Figure 5 illustrates a control circuit 
in accordance with the present invention for a two-phase 
switched reluctance motor. 

[0042] Referring to Figure 5, an input PWM signal is 
received at node 40 by an opto-isolator 50. The PWM 
signal received at node 40 may be generated by an 
ASIC, microprocessor or other digital controller used to 
control switched reluctance motors. The generation of 
the PWM input signal is not, per se, a part of the present 
invention and it is only necessary that the input PWM 
signal have: (i) a frequency component related to the 
desired switching frequency of switching devices 8' and 
23'; and (ii) an average voltage (DC component) value 
related to the magnitude of the desired peak phase cur- 
rent. Circuits and methods for generating PWM signals 
with these characteristics are well-known in the art and 
are not discussed herein. In one embodiment of the 
present invention, the frequency of the input PWM sig- 
nal is generated by a microcontroller and is set at or near 
20kHz to avoid the production of audible noise. 
[0043] In the embodiment of Figure 5 the output of op- 
to-isolator 50 is coupled to a source of voltage +V2 via 
a resistor 51 to produce a pulse train corresponding to 
the logical inverse of the PWM signal received at node 
40, In the embodiment of Figure 5 the pulse train from 
opto-lsolator 50 is applied to both inputs of a hysteresis 
NAND gate 52 which again inverts the pulse train to pro- 
vide a digital pulse train with well defined edges whose 
duty cycle and frequency correspond to the duty cycle 
and frequency of the PWM signal received at node 40. 



25 



30 



35 



40 



45 



SO 



11 



EP 0 769 844 B1 



12 



[0044] The digital pulse train from hysteresis NAND 
gate 52 is applied to edge detection circuit 42 and to low 
pass filter circuit 46. In the embodiment of Figure 5, the 
edge detection circuit 42, like the edge detection circuit 
of Figure 4, provides a series of negative-going clock 
pulses that occur at the frequency of the rising edges of 
the PWM signal received at node 40. In Figure 5, the 
edge detection circuit 42 comprises a RC filtering net- 
work 53 and an hysteresis NAND gate 54. The time du- 
ration of the negative-going clock pulses from edge de- 
tector 42 is not critical as long as the negative-going 
clock pulses are of a sufficient duration to set fiip-flop 
58, discussed below. The negative-going clock pulses 
from edge detector 42 must not, however, be so long 
that the pulse is still active when the current in the load 
24 has reached the required peak value, or they will de- 
lay the reset of flip-flop 58 and cause the current to over- 
shoot past the desired peak value. In practice, as will be 
explained, the set-dominant nature of flip-flop 58 means 
that the negative-going clock pulses can usefully be 
used to mask the effect of transient high peak currents 
due to diode recovery, which may flow through the cur- 
rent sense resistor 17' after the instant of turn-on of the 
switching devices 8" and 23'. 

[0045] The inverted digital pulse train from hysteresis 
gate 52 is also applied to a low pass filter circuit 46. Like 
the low pass filter circuit 46 of Figure 4, the k>w pass 
filter circuit 46 In the embodiment of Figure 5 receives 
the PWM signal and provides an analogue voltage sig- 
'reference ^^^^ '® proportional to the duty cycle of 
the PWM signal. In the embodiment of Figure 5, low 
pass filter 46 comprises a filtering network including a 
resistor 56 and a capacitor 57. 

[0046] The negative-going clock pulses from edge de- 
tector 42 and the current reference signal 'reference 
from bw pass filter 46 are applied as inputs to phase 
current controllers 44A (for Phase A) and 44B (for Phase 
B). In Figure 5, only the circuitry for current controller 
44A is shown in detail, tt will be understood that the cir- 
cuitry for current controller 44B is substantially the 
same. The current controllers 44A and 448 also receive 
phase enable signals (PHASE A ENABLE, PHASE B 
ENABLE) that identify, in one of the many ways known 
in the art, the appropriate phase for phase energization 
at any given time. The PHASE A ENABLE and PHASE 
B ENABLE signals are provided by circuitry (not shown) 
that monitors the rotor's position and provides signals 
indicative of the appropriate phase for energization. 
[0047] Referring to current control circuit 44A, the 
negative-going clock pulses from edge detector 42 are 
applied to the SET input of a flip-flop 58 comprising two 
hysteresis NAND gates 58 A and 58B. As illustrated in 
Figure 5, flip-flop 58 (i.e. its output assumes a logical 
"HIGH" state) sets whenever the signal at the SET input 
S drops to zero and resets whenever the input at the 
RESET input R drops to zero. The output of flip-flop 58 
is applied as one input to a phase select gate 59 whose 
other input is the PHASE A ENABLE signal, discussed 



above. When PHASE A is enabled, the output of flip- 
flop 58 drives power switching devices 8' and 23' which 
may be an IGBTs, MOSFETs, BJTs or similar controlla- 
ble switching devices. Accordingly, when flip-flop 58 is 
5 set, its output will be at a logic high state and it will turn 
ON switching devices 8' and 23' connecting phase wind- 
ing 24' to the power source that produces an increasing 
current in phase winding 24'. Conversely, when flip-flop 
58 is reset, its output will be at a logic low state and it 
10 will turn OFF switching devices 8' and 23'. 

[0048] The use of logic high and logic low states in 
conjunction with the flip-flip 58 to respectively turn ON 
and OFF the switching devices Is exemplary only. 
[0049] From Figure 5 is may be observed that (as- 
15 suming that the RESET input R is a logic 1 ) the flip-flop 
58 is set each time a negative-going clock pulse is pro- 
vided by edge detector 42. As discussed above, the 
negative-going clock pulses from edge detector 52 oc- 
cur at the frequency of the PWM signal received at node 
40. Accordingly, in the embodiment of Figure 5, the 
switching devices 8' and 23' are turned ON at a frequen- 
cy that corresponds to and is controlled by the frequency 
of the PWM signal received at node 40'. 
[0050] Although the flip-flop 58 illustrated In Figure 5 
is triggered by a falling edge, embodiments can use a 
rising edge triggered flip-flop. Furthermore, the present 
invention is not limited to.the use of SR flip-flops but can 
be implemented through the use of other digital latching 
devices. 

[0051 ] Referring to Figure 5 it may be noted that the flip- 
flop 58 is reset each time a falling edge occurs at its RE- 
SET input R (assuming that the SET input S is at logic 1 ). 
The RESET input R of flip-flop 58 is coupled to the output 
of a comparator 60 which receives two Inputs. The positive 
input of comparator 60 is coupled to the output of low pass 
filter 46 and receives the anabgue signal 1 reference' 
which corresponds to the peak magnitude of the desired 
phase current. As discussed above, the magnitude of the 
analogue signal I reference determined by and control- 
led by the duty cycle of the PWM signal received at node 
40. 

[0052] The negative-input terminal of comparator 60 
is coupled to a current measuring sense resistor 1 7' that 
provides an analogue voltage Imotor-a ^^^^ '^ repre- 
sentative of the current flowing in Phase A of the motor. 
A similar current measuring sense resistor 1 7' is placed 
in series with Phase B of the motor and could be pro- 
vided for each phase of a multi-phase switched reluc- 
tance motor. While the embodiment of Figure 5 uses 
current measuring sense resistor 17' to generate a sig- 
nal representative of the motor phase current, other cur- 
rent measuring devices, such as a Hall-effect device or 
a current transducer, may be used to equal effect. 
[0053] Comparator 60 compares the motor phase 
current Imotor-a with the signal representing the de- 
sired peak current 1 reference produces a logic low 
signal whenever the motor current Imotor-a exceeds 
the desired peak current (reference Since the output 
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of comparator 60 Is coupled to the RESET input R of 
flip-flop 58, the logic low signal from the connparator 60 
will reset flip-flop 58, causing the output of flip-flop 58 to 
drop to a logic low level. This will turn OFF the switching 
devices 8' and 23'. However, it should be noted that flip- 
flop 58 is set-dominant, so that the RESET input is in- 
effective whilst the negative-going clock pulse generat- 
ed by edge detector 42 is active (i.e. in a logical LOW 
condition). This may be put to advantageous use by 
making the length of the negative-going clock pulses 
equal to, or longer than, the reverse-recovery time of the 
power diode 25a. As is well known in the art, such power 
diodes take a small but significant period of time to re- 
cover their reverse-blocking capability, which may resutt 
in the current through the sense resistor 17' overshoot- 
ing briefly to a high peak value following closure of the 
power switch 23'. To reduce the effect of such overshoot, 
it is common practice to fit a short time-constant filter 
such as that shown as 59 in Fig. 5. However, by suitable 
choice of negative-going clock pulse width, it is possible 
to reduce the degree of filtering, or even eliminate it al- 
together, with attendant advantages of better overall 
stability and control performance. 
[0054] Edge detector 42, current controller 44A and 
low pass filter 46 operate to control the switching fre- 
quency of the switching devices and the magnitude of 
the phase current in the same manner described above 
in connection with the circuit of Figure 4. In particular, 
node 40 receives a PWM signal that is applied to edge 
detector 42 and low pass filter 46. Edge detector 42 pro- 
duces a digital pulse train of negative-going pulses that 
occur at the same frequency as the frequency of the 
PWM signal received at node 40. The digital pulse train 
from edge detector 42 is applied to the SET input 8 of 
flip-flop 58. Assuming that the RESET input R to flip-flop 
58 is logic 1 . each negative-going pulse will set flip-flop 
58, causing its output to go logic high, which turns ON 
switching devices 8' and 23'. The switching devices cou- 
ple the phase winding 24' to a power source and the 
current in the phase winding 24' rises until it exceeds 
the desired peak current I reference- W^^n the phase 
current 1motor-a exceeds the desired peak reference 
current I reference' comparator 60 produces a nega- 
tive-going pulse which resets flip-flip 58. which turns 
OFF switching devices 8' and 23'. Since the switching 
devices 8' and 23' are opened, the current in phase 
winding 24' will drop below the desired peak reference 
current I reference' causing the output of comparator 
60 to return to logic high. The cycle will repeat itself upon 
the next occurrence of the next negative-going pulse 
from edge detector 42. 

[0055] Although the above example was provided in 
connection with the circuitry of Figure 5 and Phase A, 
the circuit's operation would be the same for Phase B, 
except the Phase B current controller 448 and the 
switching devices and current sensor associated with 
Phase B would be used. 

[0056] From an analysis of Figure 5 it may be noted 
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that switching devices 8' and 23' will be switched at a 
known frequency that is substantially the same as the 
frequency of the PWM input signal received at node 40. 
Thus, the single PWM input signal received at node 40 
5 determines both the frequency and the duration of the 
voltage applied to the phase winding through switching 
devices 8' and 23'. 

[0057] The circuit of Figure 5 has several advantages 
over the prior art. In addition to all of the advantages 
^0 discussed in connection with the circuitry of Figure 4, 
the circuitry of Figure 5 requires fewer isolation devices 
than required by many of the known systems. For ex- 
ample, referring to the known circuit of Figure 1, three 
isolators are required for each phase of the winding. 
IS whereas the circuit of Fig. 5 only requires one isolator 
for all the phases of the machine that it controls. 
[0058] In addition to limiting the required number of 
isolation devices, the embodiment of the present inven- 
tion ensures that if the circuit providing the PWM signal 
received at node 40 fails, the system is left in a safe 
condition. For example, as discussed above in connec- 
tion with Figure 1, in known systems, the failure of the 
device providing the PWM current command signal in a 
state such that the PWM signal is always logic high can 
cause high, potentially damaging, phase currents to flow 
in the motor. In the embodiment of Figure 5, if such a 
failure occurs, flip-flop 58 will be reset whenever the mo- 
tor current Imotor-a exceeds the desired peak current 
'reference- In the event of a failure of the PWM provid- 
ing device, after the reset occurs and the switching de- 
vices are switched OFF, there will be no clock pulse from 
edge detector 42 to set the flip-flop 58 and turn ON the 
switching devices. Accordingly, failure of the device pro- 
viding the PWM current command in the embodiment of 
the present invention illustrated in Figure 5 results In a 
safe condition, with the switching devices OFF. 
[0059] Further, the circuit shown in Figure 5 does not 
require an isolated current transducer, allowing the use 
of smaller and less costly methods of current measure- 
ment. 

[0060] Slope compensation may be used to further 
improve the performance of the current control circuit of 
the present invention. Figures 6A and 68 help illustrate 
the basic concept of slope compensation. 
[0061] Figure 6A generally illustrates an analogue 
voltage 62 corresponding to the phase current in the mo- 
tor over time and a stable analogue voltage 64 corre- 
sponding to the desired peak phase current. These volt- 
ages generally correspond to the Imotor 'refer- 
ence signals discussed above. As illustrated in Figure 
6A, during normal operation of the current control circuit, 
the motor current 62 rises when the switches are ck>sed 
until the phase current reaches the voltage representa- 
tive of the desired peak current 64. At that time, the 
switches are opened and the current begins to fall until 
the phase winding is again coupled to the power source 
at time Tg. 

[0062] If the voltage value representing the phase cur- 
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rent is disturbed or perturbed by an amount Al, e.g. by 
electrical "noise", an instability in the system may be in- 
troduced. This is illustrated by wavefonn 66 in Figure 
6A, which represents the voltage representative of the 
desired current with an error Al introduced at time Tq. 
As is illustrated in Figure 6A the error is such that the 
voltage value representative of the phase current is in- 
creased by an amount Al at time Tq. 
[0063] Because the voltage corresponding to the cur* 
rent is greater than it would otherwise be, the current 
appears to reach the desired peak current before it oth- 
erwise would and the switches are opened at time 
before they would have been If the error had not been 
present. The current in the phase winding will then de- 
crease until time T2 when the switches are switched on 
and the phase winding will again be coupled to the pow- 
er source. It will be realised that in Fig. 6, the spacing of 
points Tq, T2, T5 & Tg correspond to the constant fre- 
quency of the PWM input signal. Because the error 
caused the switches to be opened prematurely at T^, 
the current at T2 will be lower than it would otherwise 
be. Accordingly, the current seen by the comparator will 
take longer to rise to the desired peak current 64 than 
without the error, and will not reach the desired peak 
current 64 until T4. The time T4 Is near the time T5, which 
is the next time the switches are closed. The current at 
T5 will still be near the desired peak current 64, and thus 
the switches will be opened before they would have 
been without the error. By time Tg. the error Al^ has 
grown substantially and eventually it will become so 
large that the current cannot reach the desired peak val- 
ue 64 within one PWM period. When this happens, the 
pulse which should set the flip-flop and turn on the power 
switches has no effect because the switches are already 
closed, the current having failed to reach the peak value 
during the previous clock period. The switching frequen- 
cy is therefore no longer synchronised to the PWM sig- 
nal and improper operation - not least audible noise - 
will result. 

[0064] So-called "slope compensation" can be imple- 
mented by modifying the voltage representing the de- 
sired peak current such that It varies over time at a fre- 
quency that corresponds to the PWM frequency. The 
use of slope compensation is illustrated by Figure 6B, 
where the voltage representing the desired peak current 
is illustrated by waveform 64'. As waveform 64' illus- 
trates, the desired peak current voltage is no longer con- 
stant, but varies linearly from a peak value to a minimum 
value over the periods, such as Tq to T2, defined by the 
switching of the power device. 

[0065] When slope compensation Is used, the current 
in the phase winding will vary generally as is illustrated 
by waveform 62' in Figure 6B. As with the example of 
Figure 6A, the current will increase until it reaches the 
desired peak current 64' at which point it will decrease 
until the switching devices are switched ON again. 
Waveform 66' represents a current waveform with an 
error Al introduced at time Tq. Following waveform 66* 



over time, it may be noticed that when slope compen- 
sation is used, the error Al decreases over time, tending 
to bring the system into stable operation. 
[0066] The relative increase or decrease of the error 
s value Al depends on the slopes of the waveforms illus- 
trated in Figures 6A and 6B. For example, If it is as- 
sumed that the slopes of the increasing portions of the 
current waveform 62' are all constant at M^ and the 
slopes of the decreasing portions of the current wave- 
70 form 62' are all constant at M2, it can be shown that the 
slope of the compensated voltage representing the de- 
sired peak current M must be at least O.5M2 for stable 
operation. For the safest slope compensation, it has 
been determined that the slope of the compensated 
75 peak current voltage should be approximately equal to 
M2. When M=M2, any introduced error Al will be reduced 
to approximately zero after one switching cycle. 
[0067] The slopes of the increasing and decreasing 
portions of the motor current waveform will be constant 
only if the voltage of the power source to which the 
phase winding is coupled is constant. In practical drives, 
the voltage of the power source is not constant, but can- 
vary over time. Accordingly, for optimum motor perform- 
ance, the slope of the compensated peak current volt- 
age should not be constant but should vary with varia- 
tions in the voltage of the power source. The present 
invention allows for the use of slope compensation, 
where the degree of compensation varies as a function 
of the voltage of the power supply voltage. +V. 
[0068] In Figure 6B slope compensation was intro- 
duced by adjusting the value of the voltage representing 
the desired peak current overtime. Alternatively, slope 
compensation could have been introduced by allowing 
the voltage representative of the desired peak current 
'reference remain constant and adding a compen- 
sation voltage to the voltage representing the motor cur- 
rent I MOTOR where the added compensation voltage var- 
ies over the switching period. To implement slope com- 
pensation such as is illustrated in Figure 6B, the added 
compensation should start at near zero and increase lin- 
early at a slope of M until the start of the next switching 
period at which time the compensation voltage drops to 
near zero and the process is repeated. 
[0069] Figures 7A and 7B generally illustrate circuitry, 
and the associated waveforms, that may be used to im- 
plement slope compensation that tracks the voltage of 
the power supply by providing a voltage that varies from 
near zero to a maximum value over the switching period 
and adding that compensation voltage to the voltage 
representing the motor current Imotor 
[0070] Figure 7A provides voltage waveforms repre- 
senting exemplary compensation voltages for different 
power supply voltage levels. Waveform 70 in Figure 7A 
represents an exemplary compensation voltage for a 
power supply with a voltage of V^. As illustrated, wave- 
form 70 starts at a voltage near zero at the initiation of 
the switching period at time Tq and increases linearly to 
a maximum value at time Ti at which time the compen- 
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satlon voltage drops to near zero and the cycle repeats 
over the next switching cycle. In Figure 7A. the maxi- 
nrtunn voltage magnitude of the compensation voltage is 
proportional to the voltage of the power supply but 
does not necessarily equal V^i^. 

[0071] Waveform 72 in Figure 7A illustrates an exem- 
plary compensation voltage for a power supply with a 
voltage of Vq. In this example Vq is less than V^^. In order 
to properly adjust for the diminished supply voltage, the 
compensation voltage should increase more slowly over 
time, and the maximum compensation voltage level 
should be less than the maximum compensation voltage 
level for the higher supply voltage V^. As Figure 7A il- 
lustrates, waveform 72 has these characteristics in that 
it varies more slowly over time than waveform 70, and 
has a lower maximum voltage level than the maximum 
voltage level of waveform 70. As with waveform 70, the 
maximum voltage level of waveform 72 is proportional 
to the Vg voltage of the power supply, but does not nec- 
essarily equal Vg. Both waveforms, 70 and 72, repeat 
at a frequency that is equal to the switching frequency 
of the power device. 

[0072] Figure 7B generally illustrates a slope com- 
pensation circuit 74 that provides a compensation volt- 
age at the emitter of transistor 75 that approximately fol- 
lows the voltages 70 and 72 of Figure 7A. Coupled to 
the collector of transistor 75 is the power supply, +V2. 
Transistor 75 provides a voltage at its emitter that cor- 
responds to the voltage applied to the base of the tran- 
sistor 75. 

[0073] The base of transistor 75 Is coupled to a ramp 
generator comprising capacitor 76, a current source 77. 
and a diode 78. The anode of the diode 78 is coupled 
to the junction of capacitor 76 and the current source 
77. The cathode of diode 78 is coupled to a source of 
negative-going pulses that occur at the switching fre- 
quency of the power switching device. The current 
source 77 is coupled to the power supply +V2. The cur- 
rent source 77 may be implemented using a transistor 
or other current regulating device, e.g., a constant cur- 
rent diode. 

[0074] I n operation, the current source 77 charges ca- 
pacitor 76 to produce a ramp voltage that is applied to 
the base of transistor 75. This, in turn, will control the 
conductivity of transistor 75 to produce a ramp voltage 
at the emitter of transistor 75. 

[0075] The slope of the ramp voltage provided at the 
emitter of transistor 75 is proportional to the slope of the 
ramp voltage applied to the base of transistor 75 (which 
is the voltage across the capacitor 76). The slope of the 
ramp voltage produced across capacitor 76 is propor- 
tional to the rate at which capacitor 76 is charged, which, 
in turn, is proportional to the magnitude of the current 
from current source 77. If the magnitude of the current 
supplied by current source 77 is constant, the slope of 
the ramp voltage of capacitor 76 will also be constant. 
If the magnitude of the current from source 77 is made 
to vary in proportion to the voltage of the supply -i-V, the 



slope of the ramp voltage provided to the base of tran- 
sistor 75 - and thus the slope of the compensation volt- 
age at the emitter of the transistor 75 - will increase as 
the supply voltage +V increases and decrease when +V 

5 decreases. In this manner, the slope of the compensa- 
tion voltage can be adjusted to cope with variations in 
the voltage of the supply +V. One method of making the 
magnitude of the current going into the capacitor 76 pro- 
portional to the supply +V is to use a resistor 79 as 

10 shown in Figure 7C. In many applications, the supply 
voltage +V will be large relative to the voltages associ- 
ates with the slope compensating circuit and the current 
in resistor 79 will be approximately constant irrespective 
of the variations in potential at the base of the transistor 

IS 75. 

[0076] Capacitor 76 wilt continue to charge, and the 
voltage across capacitor 76 will continue to rise, until a 
negative-going pulse is applied to diode 78. When a 
negative-going pulse is applied to the cathode of diode 
20 78, it will be rendered conductive and capacitor 76 will 
rapidly discharge through diode 78, thus bringing the 
voltage across capacitor 76 and the voltage applied to 
the gate of transistor 75 to near zero. As discussed 
above, the negative-going pulses applied to the cathode 
of diode 78 occur at the switching frequency. In this man- 
ner, the circuit of Figure 78 causes the compensation 
voltage to vary at the switching frequency. 
[OOTHTj Referring to Fig. 70, as discussed above, the 
ramp voltage across capacitor 76 Is applied to the base 
of transistor 75. The voltage produced at the emitter of 
transistor 75 will be a compensation voltage having a 
slope that varies according to the slope of the ramp volt- 
age applied to the base. This slope is, in turn, deter- 
mined approximately by the magnitude of the power 
supply voltage +V which is applied to the upper terminal 
of resistor 79. assuming that +V is large compared with 
the voltage at the base of transistor 75. In this manner, 
the circuit of Figure 7C automatically adjusts the slope 
of the compensation voltage to adjust for variations in 
the supply +V. 

[0078] Figure 8 illustrates in greater detail the use of 
a slope compensation circuit 74 in the context of the cur- 
rent control circuit of Figure 5. Except as affected by the 
compensation circuit 74, the circuit of Figure 8 operates 
in substantially the same manner as the circuit previous- 
ly described in connection with Figure 5. 
[0079] Referring to Figure 8, the slope compensation 
circuit 74 comprises transistor 75, capacitor 76, current 
source 77 and diode 78. These elements function sub- 
stantially as discussed above in connection with Figure 
78. In the embodiment of Figure 8, the current source 
77 comprises a transistor 80, whose base is controlled 
by a pair of series connected resistors, including varia- 
ble resistor 81. By adjusting the resistance of variable 
resistor 81 , it is possible to adjust the slope of the com- 
pensation voltage at the emitter of the transistor 75. 
[0080] As discussed above, the slope of the compen- 
sation voltage should be set such that, for some nominal 
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power supply voltage +V, the slope M of the compensa- 
tion voltage is at least O.5M2 where M2 is the slope of 
the decreasing portion of the motor current voltage 1^. 

OTOR 

[0081] In the embodiment of Figure 8 a hysteresis 5 
NAND gate 82 is also provided. NAND gate 82 is cou- 
pled to the edge detector 42 and operates with edge de- 
tector 42 to produce a series of negative-going clock 
pulses that have a frequency corresponding to the fre- 
quency of the PWM signal received at node 40. Alter- 10 
native embodiments are envisioned where NAND gate 
82 is eliminated and the diode 78 is coupled to the output 
of edge detector 42 that Is coupled to flip-flop 58. In such 
an embodiment, hysteresis NAND gate 54 should be 
sized to sink the charge from capacitor 76. ts 
[0082] The compensation voltage from slope com- 
pensation circuit 74 is added to the voltage representing 
the nrrator current I motor through the use of resistors 83 
and 84. As illustrated in Figure 8, the compensation volt- 
age from compensation circuit 74 may be provided to 20 
the current control circuits for each phase of the motor. 
[0083] Alternative embodiments of the slope compen- 
sation circuit are contemplated wherein ramp generat- 
ing circuitry is adjusted to produce a compensation volt- 
age that starts at zero at the initiation of a switching pe- 25 
riod and decreases linearly according to a slope -M. In 
such an embodiment, the compensation voltage would 
be added to the voltage representing the desired peak 
current I reference provide slope compensation. 
[0084] When slope compensation is used in connec- 30 
tion with the current controller of the present invention, 
it Is recommended that the low pass filter 46 be selected 
such that the ripple on the analogue voltage represent- 
ative of the desired peak current Ireference small. 
Too much ripple could affect the operation of the slope 3S 
compensation circuitry. 

[0085] In general, the low pass filter should ensure 
that any ripple on the Ireference voltage signal is much 
less than 0. 10 times the peak motor current. For exam- 
ple, ripples with magnitudes of approximately 1/50th of 40 
the peak current or 1/1 00th of the peak current are be- 
lieved to be acceptable. 

[0086] In the embodiment of Figure 5, the low pass 
filter 46 comprises a first order RC low pass filter com- 
prising a single resistor and a single capacitor Depend- 
ing on the frequency of the PWM signal received at node 
40, the required current control bandwidth, and peak 
magnitude of the motor current, it may be desirable to 
use more complicated or higher order low pass filters. 
Examples of such alternative low pass filters are IHus- 50 
trated In Figures 9A and 9B. 

[0087] Figure 9 A illustrates a low pass filter more 
complicated than that of Figure 5 that comprises two re- 
sistors 90 and 91 and a capacitor 92. The values of the 
resistors 90 and 91 should vary with the frequency of 5S 
the PWM signal and the magnitude of the peak motor 
current. 

[0088] Figure 9B illustrates a higher order k>w pass 
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filter that may be used in the present invention. The high- 
er order low pass filter of Figure 9B comprises a first RC 
network comprising resistor 93 and capacitor 94 electri- 
cally coupled in series with a second RC network com- 
prising resistors 95 and 96 and capacitor 97. As with the 
resistors and capacitor of Figure 9A, the component val- 
ues of Figure 98 should be selected In light of the fre- 
quency of the PWM signal, the required current control 
bandwidth and the peak motor current. As an example, 
for a PWM frequency of 10kHz the values of the com- 
ponents of Figure 9A may be as follows: resistor 93 = 
16k Ohms; capacitor 94 = 10 nanofarads; resistor 95 = 
82k Ohms; resistor 96 = 20k Ohms and capacitor 97 = 
10 nanofarads. These values are exemplary and other 
values may be used. 

[0089] While the invention has been described in con- 
nection with the illustrative embodiments discussed 
above, those skilled in the art will recognized that many 
variations may be made without departing from the 
present invention. For example, the embodiment of Fig- 
ure 4 illustrates the use of upper and lower power 
switching devices 8 and 23. Alternatively, embodiments 
are envisioned wherein the switching off of the switching 
devices is not simultaneous and a freewheeling mode 
Is introduced into the switching cycle, or wherein upper 
switching device 8 is eliminated and a single switching 
device 23 is used. 

[0090] In a still further embodiment, the isolator, edge 
detector circuit and low pass filter are duplicated for 
each phase, thereby allowing control of the current in 
each phase to individual levels. Those skilled in the art 
will recognize that the techniques and circuits described 
above can be applied with equal effect to a drive system 
operating In the generating mode. 
[0091] Accordingly, the above description of several 
embodiments is made by way of example and not for 
purposes of llmitatbn. The present invention is intended 
to be limited only by the scope of the following claims. 



Claims 

1. A control circuit for controlling current In a winding 
(24*) of a reluctance machine in response to a pulse 
signal in the form of a series of pulses having a fre- 
quency related to the required switch timing and be- 
ing modulated in accordance with a desired winding 
current, the circuit comprising: 

switch means (8', 23') connectable to the wind- 
ing to control the current In the winding; 
a demodulator (46) for deriving a current refer- 
ence signal indicative of the desired winding 
current from the reference signal; 
timing means (42) for generating switch timing 
signals from the series of pulses; 
monitoring means (1 7*) for producing a current 
signal indicative of winding current; 
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a comparator (60) for comparing the reference 
signal with the current signal, which comparator 
is operable to produce an output which is indic- 
ative of a desired current above the winding 
current; and 

first enabling means (58) responsive to the 
switch timing signals and the comparator out- 
put to actuate the switch means to control the 
current applied to the winding. 

2. A circuit as claimed in claim 1 in which the demod- 
ulator (46) is a low-pass filter (56, 57). 

3. A circuit as claimed in claim 1 or 2 in which the tim- 
ing means (42) include an edge detector for gener- 
ating the switch timing signals in response to one 
of the leading and trailing edges of each of the puls- 
es. 

4. A circuit as claimed in claim 1 , 2, or 3 in which the 
enabling means (58) comprise a flip-flop (58A, 
58B). 

5. A circuit as claimed in claim 4 in which the flip-flop 
is a set-reset flip-flop (58A, 58B). 

6. A circuit as claimed in any of claims 1 to 5 for each 
phase of a multi-phase reluctance machine, further 
including second enabling means (59) responsive 
to a phase enabling signal to allow the comparator 
to actuate the switch means in accordance with the 
phase sequence of the machine. 

7. A circuit as claimed in any of claims 1 to 6. including 
a compensator (74) operable to produce a compen- 
sation signal which varies over the period of the 
pulses, the comparator (60) being arranged also to 
receive the compensation signal, the output of the 
comparator being a comparison between the sum 
of the current signal and the compensation signal, 
and the reference signal. 

8. A circuit as claimed in any of claims 1 to 6, including 
a compensator (74) operable to produce a compen- 
sation signal which varies over the period of the 
pulses, the comparator (60) being arranged also to 
receive the compensation signal, the output of the 
comparator being a comparison between the differ- 
ence between the ref ernce signal and the compen- 
sation signal, and the current signal. 

9. A circuit as claimed in claim 7 or 8 in which the com- 
pensator (74) is operable to vary the compensation 
signal according to the variation in a voltage across 
the winding. 

10. A method of controlling the magnitude of current in 
a winding of a reluctance machine and the switching 



22 

frequency of a power switching device in response 
to a series of pulses, the method comprising the 
steps of: 

s deriving by the way of a demodulator (46) a sig- 

nal representative of the desired phase current 
from the series of pulses, said series of pulses 
being modulated in accordance with said de- 
sired winding current; 

10 closing the power switching device to couple 

the phase winding to a power supply accord- 
ingto the pulse frequency of the series of puls- 
es, said series of pulses having a frequency re- 
lated to the required switching timing; 

IS monitoring the current in the phase winding to 

provide a signal representative of the phase 
current; 

comparing the signal representative of the 
phase current with the signal representative of 
20 the desired phase current; and 

opening the power switching device when the 
signal representative of the phase current ex- 
ceeds the signal representative of the desired 
phase current. 

2S 

11. The method of claim 10, wherein the power switch- 
ing device is switched to couple the phase winding 
to the power supply in response to the rising edge 
of the said pulse from the series of pulses. 

30 

12. The method of claim 10, wherein the power switch- 
ing device is switched to couple the phase winding 
to the power supply in response to the falling edge 
of the said pulse from the series of pulses. 

35 

1 3. The method of claim 1 0, 1 1 or 1 2, wherein the signal 
representative of the desired phase current is de- 
rived by filtering the series of pulses. 

40 14. A method as claimed in claim 10, 11. 12 or 1 3, in- 
cluding: 

generating a compensation signal that is pro- 
portional to the voltage of the power supply; 
^5 adding the compensation signal to the signal 

representing the phase current to provide a 
compensated phase current signal; 
comparing the compensated phase current sig- 
nal with the signal representative of the desired 
so peak current in the phase winding; and 

opening the power switching devices when the 
compensated phase current signal exceeds the 
signal representing the desired peak current 

55 1 5. A method as claimed in claim 1 4 wherein the phase 
winding is coupled to the power supply at a repeti- 
tive inten/al that defines a switching period, and 
wherein the compensation voltage varies from a 
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first value to a second value over the switching pe- 
riod. 

1 6. A method as claimed in claim 1 5 where the variation 
of compensation voltage with respect to time is lin- 
ear. 
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17. A method as claimed in claim 16, wherein the vari- 
ation of the compensation voltage over the switch- 
ing period defines a compensation slope and 
wherein the compensation slope is proportional to 
the voltage of the power supply. 

18. A method as claimed in claim 17, wherein the cur- 
rent in the phase winding decreases when the pow- is 4. 
er switching devices are opened, wherein the de- 
creasing phase current defines a current slope, and 
wherein the compensation slope is substantially 
equal to the current slope. 



gen, um den an der Wicklung angelegten Strom 
zu steuern. 

2. Schaltung nach Anspruch 1 , dadurch gekennzeich- 
net, da3 der Demodulator (46) ein Tiefpa3filter (56 
57) ist. 

3. Schaltung nach Anspruch 1 oder 2, dadurch ge- 
kennzeichnet, da3 die Zeitschalteinrichtung (42) 
einen Stufenanzeiger umfa3t, zur Erzeugung von 
Umschaltzeitsignalen in Reaktion auf eines der fuh- 
renden und der ablaufenden Kanten von jedem der 
Impulse. 



5. 



20 



Patentanspruche 

1 . Steuerschaltung zum Steuern des Stromes in einer 
Wicklung (24') einer Reluktanzmaschine in Reakti- 
on zu einem Impulssignal in Form einer Reihe von 
Impulsen, die eine Frequenz aufweisen. die sich auf 
die erforderliche Umschaltzelt bezieht, und die ge- 
ma3 einem gewunschten Wicklungsstrom modu- 
liert werden kann. wobel die Schaltung folgendes 
umfaBt: 



30 



EIne Umschalteinrichtung (8', 23'), die mit der 
Wicklung verbindbar ist, um den Strom in der 
Wicklung zu steuern; 35 

einen Demodulator (46) zum Ableiten eines 
Stromreferenzsignales, das den gewunschten 
Wicklungsstrom, ausgehend von dem Refe- 
renzsignal, anzeigt; 40 

eine Zeitschalteinrichtung (42) zum Erzeugen 8. 
von Umschaltzeitsignalen der Reihe von Impul- 



eine Anzeigeeinrichtung (17') zum Erzeugen 
eines Stromsignales, das den Wicklungsstrom 
anzeigt; 

einen Komparator (60) zum Vergleichen des 
Referenzsignales mit dem Stromsignal, wobei 
dieser Komparator dazu dient, ein Ausgangs- 
signal zu erzeugen, das einen gewOnschten 
Strom von dem Wicklungsstrom anzeigt; und 

erste Schaltmlttel (58), die auf die Umschalt- 
zeitsignale und den Komparatorausgang ant- 
worten. um die Umschalteinrichtung zu betati- 
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Schaltung nach Anspruch 1, 2 oder 3, dadurch ge- 
kennzeichnet, da3 die Schaltmittel (58) einen Flip- 
Flop (58a, 58b) umfassen. 

Schaltung nach Anspruch 4, dadurch gekennzeich- 
net, da3 der Fllp-Fbp ein Setz-Rucksetz-Flip-Flop 
(58a, 58b) ist. 

1. Schaltung nach einem der Anspruche 1 bis 5 fur je- 
de Phase einer Mehrfach-Phasen-Reluktanzma- 
schine, dadurch gekennzeichnet, da3 sie au3er- 
dem zweite Schaltmittel (59) umfaBt, die auf ein 
Phasensteuersignal antworten, um es dem Kompa- 
rator zu eriauben, die Umschalteinrichtung gema3 
der Phasensequenz der Maschine zu betatigen. 

. Schaltung nach einem der Anspruche 1 bis 6, da- 
durch gekennzeichnet, da3 diese einen Kompen- 
sator (74) umfa3t, der dazu dient, ein Ausgleichssi- 
gnal zu erzeugen, das Oberdie Periodeder Impulse 
variiert, wobei der Komparator (60) derarl angeord- 
net ist, um auch das Ausgleichsstgnal. den Aus- 
gang des Komparators, der einen Vergleich zwi- 
schen der Summe des Stromsignales und des Aus- 
gleichssignales darstellt, und das Referenzsignal 
aufzunehmen. 

Schaltung nach einem der Anspruche 1 bis 6, da- 
durch gekennzeichnet. da3 diese einen Kompen- 
sator (74) umfaBt, der dazu dient, ein Ausglelchssi- 
gnal zu erzeugen. das Oberdie Periode der Impulse 
variiert, wobei der Komparator (60) derart angeord- 
net ist, um auch das Ausgleichssignal, den Aus- 
gang des Komparators, der einen Vergleich zwi- 
schen der Differenz zwischen dem Referenzsignal 
und dem Ausgleichssignal darstellt, und das Strom- 
signal aufzunehmen. 

Schaltung nach Anspruch 7 oder 8, dadurch ge- 
kennzeichnet, daB der Kompensator (74) dazu 
dient, um das Ausgleichssignal gemaB der Variati- 
on In einer Spannung durch die Wicklung zu varlle- 
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10. Verfahren zur Steuerung der Starke des Stromes in 

einer Wicklung einer Reluktanzmaschine und der 
Umschattfrequenz einer Stromschalteinrichtung, 
und zwar in Reaktion zu einer Reihe von Impulsen, 
wobei das Verfahren die folgenden Schritte umfaQt: 

Ableiten eines Signales mittels eines Demodu- 
lators (46), welches den gewunschten Phasen- 
strom der Serie von Impulsen reprasentiert, 
wobei die Serie von Impulsen gemafB dem ge- 
wunschten Wicklungsstrom moduliert wird; 

Schlie3en der Stromschalteinrichtung, urn die 
Phasenwicklung einer Stromzufuhrung anzu- 
schlieBen. gemaO der Impulsfrequenz der Rei- 
he von Impulsen, wobei die Reihe von Impul- 
sen eine Frequenz aufweist, die sich auf die er- 
forderliche Umschaltzeit bezieht; 

Anzeigen des Stromes in der Phasenwicklung, 
um ein Signal vorzusehen, das reprasentativ zu 
dem Phasenstrom ist; 

Vergleich des fur den Phasenstrom reprasen- 
tativen Signales mit dem fOr den gewOnschten 
Phasenstrom reprasentativen Signal; und 

Offnen der Stromschalteinrichtung, wenn das 
fur den Phasenstrom reprasentative Signal das 
fur den gewOnschten Phasenstrom reprasen- 
tative Signal Oberschreitet. 

11. Verfahren nach Anspruch 10, dadurch gekenn- 
zeichnet, daB die Stromschalteinrichtung geschal- 
tet wird. um die Phasenwicklung mit der Stromzu- 
fuhrung zu verbinden, und zwar in Reaktion zu der 
ansteigenden Kante des Impulses der Reihe von 
Impulsen. 

12. Verfahren nach Anspruch 10, dadurch gekenn- 
zeichnet, daB die Stromschalteinrichtung geschal- 
tet wird, um die Phasenwicklung mit der Stromzu- 
fuhrung zu verbinden, und zwar in Reaktion zu der 
fallenden Kante des Impulses der Reihe von Impul- 
sen. 

13. Verfahren nach Anspruch 10, 11 oder 12, dadurch 
gekennzeichnet, daB das fur den gewOnschten 
Phasenstrom reprasentative Signal durch ein Fil- 
tern der Reihe von Impulsen abgeleitet wird. 

1 4. Verfahren nach Anspruch 1 0, 1 1 , 1 2 oder 1 3, wobei 
dieses folgendes umfaBt: 

Erzeugung eines Ausgleichssignales, das pro- 
portional zu der Spannung der Stromzufuhrung 
ist; 



Addieren des Ausgleichssignals zu dem den 
Phasenstrom reprasentierenden Signal, um 
ein abgeglichenes Phasenstromsignal vorzu- 
sehen; 

5 

Vergleichen des abgeglichenen Phasenstrom- 
signaies mit dem den gewunschten Spitzen- 
strom in der Phasenwicklung reprasentieren- 
den Signal; und 

Offnen der Stromschalteinrichtungen, wenn 
das abgeglichene Phasenstromsignal das den 
gewunschten Spitzenstrom reprasentierende 
Signal Oberschreitet. 

IS 

15. Verfahren nach Anspruch 14, dadurch gekenn- 
zeichnet, daB die Phasenwicklung mit der Stromzu- 
fuhrung verbunden wird, und zwar bei einem sich 
wiederholenden Intervall, das die Umschaltperiode 

20 definiert, und wobei die Ausgleichsspannung von 
einem ersten Wert zu einem zweiten Wert wahrend 
der Umschaltperiode vartiert. 

16. Verfahren nach Anspruch 15, dadurch gekenn- 
2S zeichnet. daB die N^riation der Ausgleichsspan- 
nung hinsichtlich der Zeit linear ist. 

17. Verfahren nach Anspruch 16, dadurch gekenn- 
zeichnet, daB die Variation der Ausgleichsspan- 

50 nung wahrend der Umschaltperiode eine Aus- 
gleichsneigung definiert, und daB die Ausglek:hs- 
neigung proportional ist zu der Spannung der 
Stromzufuhrung. 

35 18. Verfahren nach Anspruch 17, dadurch gekenn- 
zeichnet, daB der Strom in der Phasenwicklung ab- 
fallt, wenn die Stromschaltvorrichtungen geoffnet 
werden. wobei der abfallende Phasenstrom eine 
Stromneigung definiert, und wobei die Ausglelchs- 

40 neigung im wesentlichen gleich ist zu der Stromnei- 
gung. 



Revendications 

1. Circuit de commande pour commander du courant 
dans un enroulement (24') d'une machine a reluc- 
tance en r^ponse k un signal d'impulslon sous la 
forme d'une serie d'impulsions ayant une frequence 
en rapport avec la synchronisation de commutation 
requise et modul6es en fonction d'un courant d'en- 
roulement souhaitd, le circuit comprenant : 

un moyen de commutation (8', 23') qui peut §tre 
connects ^ Ten roulement pour commander le 
courant dans renroulement, 
un d^modulateur (46) pour tirer du signal de r^- 
fdrence un signal de r^fdrence de courant indi- 
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quant le courant d'enroulement souhaite, 
un moyen de synchronisation (42) pourgenerer 
des signaux de synchronisation de commuta- 
tion a partir de la serie d'impulsions, 
un moyen de contrSle (1 7') pour produire un si- s 
gnal de courant indiquant ie courant d'enroule- 
ment, 

un comparateur (60) pour comparer le signal 
de reference au signal de courant, ledit compa- 
rateur etant a meme de produire une sortie qui to 
indique un courant souhaite superieur au cou- 
rant d'enroulement, et 

un premier moyen d'activation (58) sensible 
aux signaux de synchronisation de commuta- 
tion et^ la sortie du comparateur pour actionner is 
\e moyen de commutation afin de commander 
le courant applique k I'enroulement. 



(60) etant agence egalement pour recevoir le signal 
de compensation, ia sortie du comparateur etant 
une comparaison de la difference entre le signal de 
reference et le signal de compensation, et le signal 
de courant. 

Circuit selon la revendication 7 ou 8, dans lequel le 
compensateur (74) est a meme de faire varier le si- 
gnal de compensation en fonction de la variation 
d'une tension aux bornes de I'enroulement. 

Proced6 de commande de la grandeur du courant 
dans un enroulement d'une machine a reluctance 
et de la frequence de commutation d'un dispositif 
de commutation d'energie en reponse a une serie 
d'impulsions, le precede comprenant les etapes 
consistant : 



2. Circuit selon la revendication 1, dans lequel le de- 
modulateur (46) est un filtre passe-bas (56,57). 20 

3. Circuit selon la revendication 1 ou 2, dans lequel le 
moyen de synchronisation (42) comprend un d6tec- 
teur de front d'impulsion pour g^nerer les signaux 

de synchronisation de commutation en reponse ^ 25 
un des fronts de tete et de queue de chaque impul- 
sion. 

4. Circuit selon la revendication 1 , 2 ou 3, dans lequel 

le moyen d'activation (58) comprend une bascule 30 
(58A, 58B). 

5. Circuit selon la revendication 4, dans lequel la bas- 
cule est une bascule (58A. 58B) de type a reglage- 
mise k z6ro. 35 

6. Circuit selon I'une quelconque des revendications 
1 a 5 pour chaque phase d'une machine k reluctan- 
ce a phases multiples, comprenant en outre un se- 
cond moyen d'activation (59) sensible a un signal 40 
d'activation de phase pour permettre au compara- 
teur d'actionner le moyen de commutation en fonc- 
tion de la sequence de phases de la machine. 

7. Circuit selon I'une quelconque des revendications 4S 
1 & 6, comprenant un compensateur (74) qui est k 
m§me de produire un signal de compensation qui 
varie sur la p^riode des impulsions, le comparateur 
(60) etant agence egalement pour recevoir le signal 

de compensation, la sortie du comparateur etant so 
una comparaison entre la somme du signal de cou- 
rant et du signal de compensation, et le signal de 
r^fdrence. 

8. Circuit selon I'une quelconque des revendications ss 
1 6, comprenant un compensateur (74) qui est k 
mSme de produire un signal de compensation qui 
varie sur la p6riode des Impulsions, le comparateur 



k tirer de la serie d'impulsions, au moyen d'un 
d^modulateur (46), un signal representant le 
courant de phase souhaite, ladite s6rle d'impul- 
sions 6tant modulee en fonction dudit courant 
d'enroulement souhaite, 
h fermer le dispositif de commutation d'energie 
pour coupler Tenroulement de phase k une 
source d'alimentation en 6nergie en fonction de 
la frequence des impulsions de la s^rte d'impul- 
sions, ladite s6r\e d'impulsions ayant une fre- 
quence en rapport avec la synchronisation de 
commutation requise, 

k controler le courant dans I'enroulement de 
phase pour delivrer un signal representant le 
courant de phase, 

a comparer le signal representant le courant de 
phase au signal representant le courant de 
phase souhaite, et 

a ouvrir le dispositif de commutation d'energie 
lorsque le signal representant le courant de 
phase depasse le signal representant le cou- 
rant de phase souhaite. 

Precede selon la revendication 10, dans lequel le 
dispositif de commutation d'energie est commute 
pour coupler I'enroulement de phase k la source 
d'alimentation en energie en reponse au front d'im- 
pulsion ascendant de ladite impulsion de la serie 
d'impulsions. 

Precede selon la revendication 10, dans lequel le 
dispositif de commutation d'energie est commute 
pour coupler I'enroulement de phase k la source 
d'alimentation en energie en reponse au front d'im- 
pulsion descendant de ladite impulsion de la serie 
d'impulsions. 

Precede selon la revendication 10. 11 eu 12, dans 
lequel on obtient le signal representant le courant 
de phase souhaite par filtrage de la serie d'impul- 
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sions. 

14. Precede selon la revendication 10, 11. 12 ou 13 
comprenant les stapes consistant : 

5 

k g^n^rer un signal de compensation propor- 
tionnel k la tension de la source d'alimentation 
en ^nergie. 

a ajouter le signal de compensation au signal 
representant le courant de phase pour delivrer io 
un signal de courant de phase compense, 
a comparer le signal de courant de phase com- 
pense au signal representant le courant de Cre- 
te souhaite dans I'enroulement de phases, et 
k ouvrlr les dispositifs de commutation d'^ner- is 
gie lorsque le signal de courant de phase com- 
pensd ddpasse le signal representant le cou- 
rant de crdte souhaite. 

15. Procede selon la revendication 14, dans lequel Ten- 20 
roulement de phase est couple k la source d'alimen- 
tation en energie k un inten/alle repetitif qui definit 
una periode de commutation et dans lequel la ten- 
sion de compensation varie d'une premiere valeur 

k una saconde valeur sur la periode de commuta- 2s 
tion. 

16. Proc6de selon la revendication 15, dans lequel la 
variation de la tension de compensation est lineaire 
par rapport au temps. 30 

17. Procede selon la revendication 16. dans lequel la 
variation de la tension de compensation sur la pe- 
riode de commutation definit una pente de compen- 
sation et dans lequel la pente da compensation est 3S 
proportionnelle a la tension de la source d'alimen- 
tation en energie. 

18. Procede selon la revendication 17, dans lequel le 
courant dans I'enroulement de phase decroTt lors- 40 
que les dispositifs de commutation d'energie sont 
ouverts, dans lequel le courant de phase descen- 
dant definit una pente de courant et dans lequel la 
pente de compensation est senslblement egale k la 
pente de courant. 4S 
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